Abstract-Microwave coplanar waveguide slow wave structures suitable for use in traveling wave electrooptic modulators were experimentally investigated to 40 GHz. Velocity slowing is achieved by introducing periodic slots in the ground planes. Structures both on semiinsulating GaAs substrates and on epitaxial layers grown by molecular beam epitaxy on semiinsulating GaAs substrates were examined. In the measurements the thru-reflect-line calibration method was used and its limitations are discussed. The characteristic impedance, phase velocity and loss coefficient of these lines were extracted from measured Sparameters. Effects of various dimensions on these line properties are presented and discussed. Results indicate that significant phase velocity slowing without dispersion at least up to 40 GHz is possible with this approach. This is true both on semi-insulating GaAs substrates and specially designed epitaxial layers. A design approach to achieve a specified phase velocity and characteristic impedance is given.
I. INTRODUCTION ONOLITHIC microwave transmission lines such as
M microstrip and coplanar lines are the basic components of monolithic high frequency circuits. They need to be specially designed for applications where a specific value of the phase velocity over a wide frequency range is necessary. A few examples of such applications are compact delay lines, phase shifters and traveling-wave electrooptic modulators. The authors are mainly concerned with traveling-wave electrooptic modulators that offer very wide electrical bandwidths [I] . Although the electrode geometry studied in this work is suitable for a modulator application, the actual modulator design is beyond the scope of this paper and will be discussed in another publication. As discussed in [l] , the largest bandwidths in traveling wave electrooptic modulators are achieved by matching the phase velocities of the microwave and optical signals. In 111-V compound semiconductors this necessitates the slowing of the microwave signal [2], [ 3 ] . This paper investigates a type of monolithic microwave coplanar transmission line that can achieve a desired amount of phase velocity reduction and a desired characteristic impedance value simultaneously.
Such lines are realized using periodically loaded slow wave structures. These have been investigated by different groups [2] , [4]- [7] . A recent paper studied a slow wave structure based on a two conductor coplanar strip waveguide [7] . In our work a three conductor coplanar transmission line is chosen Manuscript received December 17, 1992; revised December 7, 1993. This work is supported in part by a UC MICROiTektronix grant and in part by ARPA grants MDA972-94-1-0002 and DABT63-93-C-0039.
The because of its planar structure and suitability to a push pull Mach-Zehnder electrooptic modulator electrode design. The goal is defined to realize a coplanar waveguide on GaAs with a 50 R characteristic impedance and a phase velocity of 8.9 c d n s e c , which is about the phase velocity of an optical signal in GaAs with a free space wavelength of 1.3 /"m, This phase velocity goal requires a reduction of approximately 22% from that of a smooth coplanar line on this material. The approach described and the results presented may be applicable to other situations where a prescribed velocity reduction coupled with a specific line characteristic impedance is desired. The approach taken in this paper is mainly experimental. This involved the fabrication and characterization of two hundred and fourteen lines of different dimensions up to 40 GHz. The range of line parameters that needed to be covered was determined using approximate models.
The organization of this paper is as follows: In Section I1 the basic slow wave structure used in this work and the selection of the range of the parameters involved 2re described. Section I11 covers the fabrication and inspection of devices. In Section IV the measurement method used and the issues involved in the extraction of parameters are discussed. In Section V the experimental results are given and the method of selecting a design for a particular phase velocity and characteristic impedance is outlined. In Section VI, the performance on an unintentionally doped molecular beam epitaxy (MBE) grown optical guide structure similar to that to be used for the modulator is investigated. Finally, conclusions of this work are given.
11. COPLANAR WAVEGUIDE SLOW WAVE STRUCTURE Fig. 1 schematically illustrates the slow wave lines studied in this work. They are modified coplanar microwave lines either on semi-insulating GaAs substrates or MBE grown unintentionally doped epitaxial layers on semi-insulating GaAs substrates. As shown in Fig. I , periodic slots are cut into the ground electrodes, The periodic slots result in a slower phase 00 18-9480/94$04.00 0 1994 IEEE velocity compared to the smooth geometry [6] . The labeling shown in this figure for various mechanical dimensions will be used in the rest of this paper. This paper describes the tailoring of these dimensions to achieve a desired characteristic impedance and phase velocity.
There are any number of geometries which can achieve velocity slowing. The one chosen in this work was selected because of its simplicity and ease of fabrication as well as its suitability for the modulator as a whole. A small periodicity d = 50 pm was chosen to stay well away from the cutoff frequency of the structure so that dispersion is minimized [6] .
The cutoff frequency at the phase velocity goal for d = 50 pm is approximately Vph 8.9 c d n s e c 2d 2 . 5 0 pm
This indicates that for frequencies below 100 GHz dispersion due to the periodicity of the structure is negligible. A small cross sectional geometry is necessary to match the small size of the optical guides with which it is to be integrated. Once the basic structure and limitations on its periodicity and cross sectional geometry were determined, the range of the other parameters shown in Fig. 1 was investigated. The accurate modeling of this structure is a complicated problem. Rather than doing this, several different simple equivalent circuit approaches were used. The goal of modeling was to roughly indicate if these structures could sufficiently reduce the phase velocity and if so what ranges of parameters would be required. Each of these models was based on a different equivalent circuit for one period (a "unit cell") of the line [8] . The inductance and capacitance per unit length (L and C) of the ideal line sections contained in these unit cell models were calculated using a two dimensional finite element simulator [9] . The ABCD matrix of the cell was then calculated using transmission line theory. From this ABCD matrix any conceivable property of the line may be extracted [8] .
The modeling predicted that the required slowing could be achieved, and indicated a set of dimensions to meet the performance specifications outlined in the introduction. These dimensions were b = 9 pm, d = 50 pm, h = 30 pm, s = 15 pm, and w = 20 pm. Dimension g which determines the width of the ground plane was chosen to be 206 pm through use of the finite element simulator [9] . For g values larger than this, L and C vary less than 1% as the ground plane width varies. A nominal line length of 1 = 1 cm was chosen, which is on the order of the length necessary for the modulator application. Two hundred and fourteen different lines with integrated microwave probe pad structures were laid out. The pad structures were designed to mate with 150 pm pitch ground-signalground probes. A typical line geometry with pads is shown in Fig. 2(a) . 
FABRICATION AND MECHANICAL INSPECTION
The lines were fabricated using a lift-off technique on 2" diameter 670 pm thick semi-insulating GaAs wafers. The metal was deposited using an electron beam evaporator. It consisted of 100 8, of Ti, 100 8, of Pt and N 10.000 8, of Au. After fabrication each wafer was carefully inspected. The total metal thickness was measured at four different places per wafer using a DekTak surface profiler, and was found to be uniform at N 9500 8,. Each line was then inspected visually with a microscope along its entire length. A 93% yield was observed. A photograph of a unit cell in each line was taken to measure the final electrode dimensions. The widths of the fabricated lines were generally about 0 to 0.3 pm larger than the designed values which is a negligible variation. Hence for all practical purposes the line cross sectional dimensions are identical to the design values. Fig. 2 (b) is a photograph of a typical fabricated line.
IV. MEASUREMENT TECHNIQUE
S-parameters of the lines were measured from 2 to 40 GHz at 101 equally spaced frequencies with an HP85 10B Automatic Network Analyzer. The lines were probed on-wafer using a Cascade Microtech Probe Station with Tektronix 150 pm pitch ground-signal-ground probes. The signals were transmitted between the network analyzer and the probes with Wiltron K-120 semi-rigid cables.
For calibration purposes the through-reflect-line ("trl") calibration method detailed in reference [lo] was used. The calibration standards in this method are a user constructed set of through lines and shorts. A characteristic impedance value of 50 R was chosen for the through lines. The calibration set was designed using the finite element simulator [9] . Because the entire calibration relies on the assumption that the through lines in the calibration standards have 50 R impedance, their design was triple checked using another recently developed tool [ 111 as well as with the commercial program "linecalc"
[ 12). These three methods all showed agreement to within 1 R.
Nine of these calibration sets were placed between the groups of slow wave structures on each mask, and were fabricated along with the devices on the same wafer.
This calibration scheme allows one to bring the reference planes to the end points of the slow wave structures as shown in Fig. 2(a) . Therefore, probe tip to pad structure transition effects which may become important around 40 GHz are calibrated out. However, it is important to realize the intrinsic limitations of the trl calibration method used in this work. All of the computer software used to design the 50 R through lines assume waveguides made of perfect conductors on ideal dielectrics. Hence, the "internal inductance" contribution to L due to field penetration into the conductors is not accounted for. At the higher frequencies of the measurement band this is acceptable because the skin depth and hence field penetration is minimal. Additionally, at high frequencies the frequency dependent terms will dominate the ohmic loss terms R and G One can see that if the line cross sections were any smaller, R would increase further, and the perfect conductor assumption might lose its validity. In order to use this calibration method, these ratios must be confirmed to be large for the structure and frequencies under consideration. This can be done by calculating DC resistance of the lines and using the values of L and C given by whatever perfect conductor modeling tool is being used to design the calibration standards.
However at lower frequencies, for example at 3 GHz, this calibration technique can lead to serious error for lines of this small cross sectional profile. Here the real lossy terms are no longer negligible compared to the frequency dependent terms and the characteristic impedance is no longer purely real, but approaches 5 GHz the wavelengths are long relative to typical device length and the phase velocity mismatch is not a problem [ 11. Therefore the trl calibration scheme with user defined standards on the same substrate as the devices being measured is appropriate for characterization of these structures for this application.
Once the S-parameters are measured the line parameters are obtained by calculating the ABCD matrix representing the entire transmission line in between the reference planes. Note that this is not the ABCD matrix of the unit cell of the line utilized earlier in modeling. The ABCD matrix depends on the measured S-parameters as follows [13] :
Here ZOR is the impedance reference, which in our case is 50 R. The complex characteristic impedance 20 and complex propagation constant y of the line can then be found [8] :
Here, 1 is the length of the transmission line. The propagation constant y may be decomposed as y = cy + j p , where cy is the attenuation coefficient (Nphnit length) and / 3 is the phase constant (radunit length). Note that (5) and (6) (7) As mentioned above, the high frequency data is of the most importance. Throughout this work, if no frequency dependence is indicated the quoted values are measured at 35 GHz. These 35 GHz values were arrived at as follows. First, the data in the vicinity of frequencies where the line becomes resonant was discarded. This is because at those frequencies s11 and sZ2 approach zero and their accurate determination is no longer possible. Then a seven term least squares fit model was applied to the remaining points from which a value at 35 GHz was calculated along with a standard deviation error bar. lines. In many of the figures, the regions of 0 < sld < 0.3 and 0.7 < sld < 1.0 were explored in detail only for one particular b, h, and 11) combination. Therefore, plotted results for other 15, h, and w combinations crossed over the results for the particular line investigated in detail due to the lack of data points in these regions, Le., when data points sld = 0, 0.3, or sld = 0.7, 1.0 are connected by a straight line. This happened primarily in the Vph graphs. In reality, all the plots have the same qualitative shape and do not cross.
The result of varying the gap width b is shown in Fig. 3 . One can see that for narrow gaps the slots have a greater effect on Vph. For smaller gaps the field strength in the gaps is larger hence associated modes are perturbed more by the slots. At d d = 0 the Vph values coincide well, indicating that changing the gap on the smooth lines had little effect on Vph as expected 1141. For sld = 1 all the lines become identical, hence the results become identical at this point. The "bathtub" shape of the Vph graph indicates that nearly all of the 'Uph change possible for a given h is obtainable with sld 0.3. Fig. 3 also shows that 20 decreases as the gap gets smaller as expected. One might expect that an increase in h would cause an increase in a due to an increase in R resulting from longer current paths around the slots in the ground planes. While R is certainly increasing, 20 also increases and a which can be estimated as does not increase in direct proportion to R. This result shows that one can achieve Vph reduction without being penalized with increased a due to the presence of slots. In fact, little variation in a with h up to 80 pm was observed. Fig. 4 shows the Vph variation as a function of sld for a wide range of h. The measured Vph variation is roughly symmetric with respect to sld up to h = 40 pm and it is assumed that this symmetry holds for larger h values. For h > 40 pm only the range up to sld = 0.5 was investigated.
The wp1, goal was reached with h = 80 pm at sld = 0.35. Fig. 5 shows the variation of ZO for different h values. The data for h > 65 pm are not shown because for this range the accurate extraction of 20 becomes difficult. This is due to the mode mismatch reflection at the pad structurelslow wave line interfaces. These interfaces are at the calibration planes shown in Fig. 2(a) . For large h values this reflection becomes larger than the reflection caused by the impedance mismatch. This mode mismatch reflection is not accounted for in the calibration and results in a distortion of the extracted i s. impedance value. This problem is expected to affect all the extracted line parameter values but it shows up first in the 20 results. This is because of the three line characteristics being studied, 2 0 is the most sensitive to the reflection S-parameters s11 and s22, and sll and 522 are the measurement parameters that are most severely affected by the mode mismatch. Fig. 6 illustrates the effect of changing the center conductor width w. It shows the most striking property of these lines: changing the center conductor width has no effect on vpll for any sld. However, as also shown in Fig. 6 , changing w does change 20. This allows setting %I $, by appropriately choosing b and h and then adjusting 2 0 independently with w. As described later, this was in fact what was done to arrive at the final design. Fig. 6 also shows Q as a function of sld for different w values. Increasing w decreases cy by reducing the current crowding in the center conductor. Fig. 7 shows plots of UUph versus frequency at sld = 0.3.
The dispersion in 'Uph is minimal for f > 5 GHz, especially for the high h values. The decrease in Uph for f < 5 GHz is reasonable because here R begins to approach and ultimately dominate the frequency dependent terms as discussed earlier. Fig. 8 shows a typical 20 and a versus frequency behavior.
For 20, there is no dispersion and its value is equal to 50 R. All this shows is that the 20 of this line is the same as the 20 of the through line used in the calibration standard. However, as discussed earlier regarding (3), above 10 GHz what is measured is quite accurate. In this range a frequency independent Vph and ZO can be modeled using frequency independent L and G values in standard transmission theory. The loss data shows that a increases approximately with the square root of frequency due to skin depth penetration. In the range of parameters used in the experiments several lines met the wph goal. But none of these lines also had a 50 R 20. Their 2 0 were in the range of 55 0-70 0. We now describe how a line meeting the design criteria can be realized. z.
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. VI. RESULTS ON LINES FABRICATED ON MBE GROWN EPITAXIAL LAYERS For device applications the slow wave electrodes would at least partially overlap with epitaxial layers. An epitaxial layer is essential to form the optical waveguide medium in a traveling wave electrooptic modulator. Therefore the behavior of slow wave transmission lines on epitaxial layers was investigated. The layer involved here were unintentionally doped and the background carrier concentration was believed to be p-type with a carrier concentration of less than 5 x 1014 ~m -~. Due to limited availability of this material only five different lines and two calibration standards were fabricated. The fabricated lines were subjected to the mechanical inspection previously outlined and found to be equivalent to the lines of the same dimensions fabricated on the semi-insulating wafer.
The epitaxial layer structure used in the experiments is shown in the inset of Fig. 10 . It was grown by molecular beam epitaxy. This structure is intended to form a dielectric slab waveguide at optical frequencies. The layer thicknesses were confirmed under scanning electron microscope (SEM) examination and AI compositions by room temperature photoluminescence measurements. Fig. 10 shows the results of these measurements superimposed on the results when the same line geometries were measured on semi-insulating material. The ?iph increased by about 2%, and there is no appreciable change in 20. No 20 change combined with a Vph increase implies that L and C decreased together proportionally. The C decrease can be explained by the smaller dielectric constant of the AlGaAs material used in the epitaxial structure. The decrease in L may be explained by modeling the slots as series slotline stubs loading a uniform coplanar line. The decrease in 2ip11 due to the presence of AlGaAs material will decrease the electrical length of the slots. Therefore, the stub reactance, which is inductive, will be reduced. So a reduction in the inductance per unit length of the loaded line will result. A stub loaded coplanar line model developed with the tools described earlier gives results in very good agreement with the 7lph increase observed. Finally, Fig. 10 shows that CY on these lines increased by 1.5 dB/cm compared to lines on semi-insulating GaAs. This is explained by the presence of mobile charge in the MBE Fig. 1 I. Measured (',,I , as a function of frequency on the MBE grown epitaxial layer for the (9, 70, 20) layers due to unintentional background doping. This results in an increased conductivity for these layers which gives the observed loss increase.
Another concem with the transmission lines that are fabricated on epitaxial layers with mobile carriers is the possibility of i i p h dispersion due to conductivity variation of the material with frequency. Fig. 1 1 shows the variation of Vph as a function of frequency for a particular line geometry fabricated on MBE grown epitaxial layers and semi-insulating GaAs substrates. As shown, vpt, increased uniformly over the measurement bandwidth and no anomalous dispersion effects were observed.
VII. CONCLUSIONS
In this work, a detailed experimental study of coplanar waveguide slow wave transmission lines was undertaken. In the study both semi-insulating GaAs substrates and MBE grown epitaxial layers on semi-insulating GaAs substrates were used. All the fabricated structures were very carefully examined and measured up to 40 GHz using coplanar microwave probes.
The slow wave structure consists of a coplanar transmission line with periodic slots cut into the ground conductors. It is shown that with this approach significant slowing of the phase velocity is possible. In the experiments a phase velocity value of 8.9 cmhsec was achieved which represents a 22% slowing compared to the phase velocity of a uniform coplanar line.
It was found that the presence of the slots did not result in an increase of the loss coefficient. For a given slot depth almost all the phase velocity slowing is achieved when the slot width to slot period ratio is around 0.3. The periodic loading of the line due to the slots increases when the gaps between the center conductor and the ground planes are decreased. The width of the center conductor had no effect on the phase velocity although it did effect the characteristic impedance.
These observations suggested a way of using the measured data to tailor a slow wave structure for a specific phase velocity and characteristic impedance. First this requires choosing the gap of the unperturbed line for an acceptable loss. Then for a given gap the slot depth is adjusted until the desired phase velocity is achieved. It was found that the velocity slowing varies linearly as a function of slot depth for small slot depths for a slot width to period ratio of 0.3. Finally the center conductor width is adjusted to get the desired characteristic impedance value, If fine tuning is required one can vary the slot length to period ratio around the value of 0.3 chosen here. Dispersion in characteristic impedance and phase velocity is found to be minimal to 40 GHz both for devices on semi-insulating GaAs substrates and epitaxial layers. 
